Research over the past 10 years has illustrated an important connection between dietary choices, the food systems required to produce them, and the subsequent impact on greenhouse gas (GHG) emissions. Several recent studies have used data on the GHG contribution of different food types to model the impact of different dietary patterns on GHG emissions; these studies have most commonly compared the average diet for a particular country to healthier dietary options and vegetarian options. We present a systematic review of this research that models different dietary choices and the associated GHG emissions with the main aim in this paper of contrasting the research implications for policy and practice. A database search of CINAHL, ScienceDirect, Scopus, Web of Science, ProQuest, Cochrane Database of Systematic Reviews, and Mednar in July 2014 identified 21 primary studies modeling the GHG emissions related to a dietary pattern published since 1995. Diets containing a higher ratio of plant to animal products were generally associated with lower GHG emissions; however, the results varied across countries and studies, as did the recommendations by the study authors. Some authors proposed leading with health messages that have a dual environmental gain, whereas others proposed messaging around environmental impact. These inconsistencies in recommended approaches to reduce diet-related GHG emissions relate not just to differences in research findings but also to assumptions about community and political support for action, and there is little empirical evidence on community knowledge, attitudes, and behavioral intention at present to support these recommendations. The paper concludes with a commentary on the policy implications and the need for further research on how to frame the issue so as to garner community and political support to address the leading recommendations of this research.
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Joyce et al costs. 6 These effects on the food system will have considerable long-term impacts on the environment and public health, making it more difficult to achieve food security. 2 Just as climate change can affect our diet and nutritional status, so our dietary choices and the food systems required to produce them affect the levels of GHG emissions and, subsequently, climate change. According to Garnett, 7 the levels of GHG emissions associated with food production are on par with those produced by the transport sector, which is usually seen as one of the major GHG contributors. About one-fifth of all GHG emissions attributable to the UK 8, 9 and Australia 10 have been estimated to be derived from food production (including processing, packaging, and transport) and consumption. Vermeulen et al 11 conducted a thorough review of the impact of the food system on climate change and how climate change itself will affect the food system. Most GHG emissions associated with the food system occur at the production stage; however, emissions also occur in other parts of the food chain, such as preproduction (eg, fertilizer manufacturing) and postproduction such as refrigeration, transport, and waste.
The type of food produced (animal based or plant based) has a large bearing on GHG emission levels. Estimates of the GHG impact of different food types have enabled modeling of different dietary patterns on GHG emissions; these studies have tested a range of dietary scenarios typically comparing the average diet for a particular country to healthier dietary options and vegetarian options. This paper examines this research particularly focusing on the conclusions reached and the policy and program implications of this research.
Search strategy
A systematic electronic search was conducted in July 2014 to identify relevant publications from the following databases: CINAHL, ScienceDirect, Scopus, Web of Science, ProQuest, and the Cochrane Database of Systematic Reviews. In addition, the "gray" literature was searched using Mednar with only the first 500 results reviewed. Search terms for all databases included the following: (climate change OR greenhouse) AND (emissions OR carbon) AND (diet* OR food OR meat OR livestock OR vegetarian OR agriculture OR nutrition). The searched fields were keyword, title, and abstract where available. Searches were limited to English language studies and to publications from January 1995 to July 2014. Studies were included if they were primary research studies modeling GHG emissions associated with a dietary pattern using life-cycle analysis or similar methods. Studies were excluded if the modeling focused only on specific food types (rather than on a realistic dietary scenario), energy input, food miles, or a specific agricultural practice.
All citations were downloaded into EndNote software. Titles (and then abstracts where available) were screened for relevance to diet and the environment. Citations were categorized into two groups: 1) possibly relevant studies and 2) excluded studies (studies not related to diet and climate). The full text of all candidate studies (ie, possibly relevant studies) was obtained, using a low threshold for inclusion if there was any doubt. These publications were then screened against the inclusion criteria to determine eligibility. A standard data-recording form was used to extract information from each included study. The data extracted included the following: 1) geographical location of the study, 2) dietary patterns included in the modeling, 3) outcomes (units of measurement and process used), and 4) study findings. Figure 1 outlines the selection process. The search process identified 13,855 articles from the seven sources, leaving 8,669 after duplicates had been removed. After the titles were screened for relevance (excluding studies not on diet and climate; n=8,370), 299 articles remained. Screening of the abstracts resulted in 116 articles appearing relevant. A further 95 articles were excluded after full-text review found that they did not report on relevant outcomes and therefore did not meet the inclusion criteria. Thus, 21 articles were included in this paper, and a summary of their characteristics and findings is provided in Table 1 . 8, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Owing to the marked heterogeneity of the study designs and underlying assumptions, we conducted a qualitative review, focusing on describing the studies and their findings, rather than a meta-analysis.
Dietary impacts on GHG emissions
The included studies were predominantly European, with one each from Australia, 15 New Zealand, 30 North America, 25 and India. 20 All studies used an average diet based on food surveys of the population as a comparison reference to additional diet scenarios. All studies included diets based on reducing meat consumption, with eleven studies including at least one diet lacking meat (vegetarian or vegan) 8, 12, [18] [19] [20] [21] [22] 24, 25, 27, 30 and eight studies including a diet that excluded all animal food products (vegan). 8, 18, [20] [21] [22] 24, 27, 30 Additional variations included comparisons with local recommended dietary guidelines, all of which contained less meat than the average diet for the population. 14, 15, 18, 19, [21] [22] [23] 26, 27 Four studies included a Mediterranean diet, 19, 26, 27, 30 which is "based more on cereals, vegetables, fruit and fish than on potatoes, meat and dairy foods, eggs and sweets." 19 
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Dietary choices and greenhouse gas emissions
Most studies used a form of life-cycle assessment (LCA), with several including input-output analysis. LCA is an internationally accepted method that enables industries to identify the inputs (such as resources, electricity, and water) and outputs (such as GHG emissions and waste) associated with the provision of products. 32 LCA is widely used in the agricultural sector to evaluate the environmental impacts associated with a product or process over its entire life cycle. Through extensive data collection on all stages of the process, LCA provides a systematic method of quantifying the amount of global warming potential or GHG equivalents (as units of carbon dioxide) emitted over the whole life cycle of a 
France
Average diet, "lower-carbon" diet (total diet-related GHG emissions lower than the median), "higher quality" diet (PANDiet index score higher than the median), "more sustainable" (low-carbon and high-quality) diets LCA CO 2 e GHG A 20% reduction in diet-related GHG emissions, while maintaining high nutritional quality, is possible at no extra cost by reducing energy intake and energy density and increasing the share of plant-based products 
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Dietary choices and greenhouse gas emissions MiTERRA-EUROPE assessed the possible effects of nitrogen abatement measures on emissions and leaching of nitrogen into ground and surface waters. Abbreviations: CO 2 e, carbon dioxide equivalents; EiA, environment impact assessment; GHG, greenhouse gas; GwP, global warming potential; iO, input-output; LCA, life-cycle assessment; D-A-CH, official recommendations of German Nutrition Society; UGB, alternative recommendations by Federation for Independent Health Consultation.
product. 32 A comparison of quantitative changes in emissions between studies was complicated by not only the different metrics used to quantify GHGs but also the different components included in the estimations and the normalization of energy content between different diet scenarios. Most studies that quantified the difference in GHG emissions between average or typical and nonmeat diets reported their findings in kilograms, tonnes, or megatonnes of carbon dioxide equivalents (CO 2 e), either per person or nationally, and either per day or per year. ). These levels, both with and without meat, are significantly greater than those reported by other studies in this report including Risku-Norja et al 22 ). They found this increased 1.8 times when mutton was included in the diet, 1.5 times with chicken, and 1.4 times with ovo-lacto vegetarian diets.
All but two studies 28, 30 found that the greater the reduction in animal-based foods, the greater the GHG emission reduction. These studies differed from other studies that matched diets on the basis of overall energy levels, giving consideration to ensuring adequate nutrition levels for each diet. 8, 33 By contrast, Vieux et al 28 matched diets on the basis of the calories needed to replace a 20% meat reduction. Wilson et al 30 matched diets according to nutrient levels and found that replacements for eggs and dairy were more costly economically and had greater GHG emissions for the equivalent nutrient levels.
Most studies found that diets containing less meat resulted in significantly reduced emissions in the primary phase of food production, with two studies 22, 24 finding that a vegan diet contributed approximately one-half of the GHG emissions of the typical average food consumption. According to Raphaely and Marinova, 33 estimates from various sources indicate that a 25% reduction in global meat consumption would translate into a 12.5% reduction in global anthropogenic GHG emissions. Some authors concluded that the widespread adoption of a healthier diet, with small or even no reductions in meat consumption, could both improve population health and reduce carbon emissions. 15, 16 Four of the excluded studies explored modeling agricultural changes on a global scale with scenarios of varied levels of meat and dairy consumption. [34] [35] [36] [37] Scenarios with reduced animal food production had greater potential to reduce GHG emissions than did technological mitigation or increased productivity measures, 34, 35 with the highest GHG reduction potential achieved by a combination. 35 The high calorie diets in the developed world resulted in high total per capita GHG emissions compared to the lower calorie diets elsewhere, owing to high carbon intensity and high intake of animal-based products. 36 A global transition to eating less meat or completely switching to plant-based protein food was estimated to also have a marked effect on land use and clearing. 37 Research that models future scenarios has also shown that current consumption trends are unsustainable and that reduction in livestock needs to be part of the solution to ensure future food security. 38 The research reviewed in this paper is also consistent with research modeling the specific contribution of different food types with a recent study 
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Dietary choices and greenhouse gas emissions concluding that beef has a much greater GHG impact relative to other types of animal products and vegetable products. 39 The work of Eshel et al 39 underscores the importance of developing methodologies that facilitate comparison between food types and choices, which is currently difficult from the diet-modeling research.
Health implications
Initiatives to reduce the consumption of animal-based foods in favor of plant-based foods may not have the goal of increasing the proportion of the population that consumes a vegetarian or vegan diet, but this may be a consequence of such an approach. Thus, the health implications need to be carefully considered. A diverse range of eating patterns is associated with plant-based diets. A generic definition of a vegetarian diet is a "dietary pattern that is characterized by the consumption of plant foods and the avoidance of some or all animal products." 40 Vegan diets exclude all animal products, including dairy products. 41 Vegetarian diets can be used to meet the nutritional requirements at all stages of life, including pregnancy, lactation, childhood, and adolescence. 42, 43 According to the American Dietetic Association 41 (now the Academy of Nutrition and Dietetics), in well-planned vegetarian diets, the levels of protein, iron, zinc, calcium, vitamin D, riboflavin, vitamin B12, omega-3 fatty acids, and iodine meet nutritional requirements. In addition to being nutritionally adequate, a vegetarian diet has been shown to provide positive health benefits, aiding in disease prevention. 41 Another aspect of a plant-based diet is a higher consumption of antioxidants, flavonoids, and phytochemicals, which have key roles in preventing cardiovascular disease. 44 A diet that is high in plant-based foods has also been linked to a decreased risk of cardiovascular disease, type 2 diabetes, and certain cancers. 45 Vegetarians who limit their intake of milk and other dairy products may also have a reduced risk of developing certain chronic diseases, given that many dairy products contain saturated fat and cholesterol. Humans do not need milk after they have been weaned and because the nutrients in milk are readily available in foods without animal protein. 46 Overall, therefore, well-considered vegetarian or vegan diets seem to offer health benefits, particularly in relation to chronic disease.
Where there is risk from a public health perspective, it is in how these messages are interpreted and acted on that needs to be carefully considered. Higher rates of eating-disordertype behaviors have been found among teenagers and women in their twenties who describe themselves as semi-vegetarian or vegetarian; however, this relationship was less evident in young people motivated by ethical concerns. 40, 47, 48 It is possible that among certain groups, a communication strategy that encourages reducing the consumption of certain food types may contribute to a rise in eating-disorder-type behaviors; thus, a safer approach for young people could be focusing on increasing the consumption of certain food types. For example, obesity prevention programs have been found to promote the uptake of eating disorder behaviors among adolescents. 49 How messages can be framed to promote positive health behaviors needs further research.
Policy implications
Given the majority of the research reviewed concluded that higher consumption of animal products was linked to higher GHG emissions, reductions in government subsidies of animal-sourced foods would seem to be a rational policy approach. Popkin 50 recommended the removal of subsidies for animal-sourced foods that have distorted food prices in the USA, Europe, and other developed countries, and investments in healthier plant-based foods. These recommendations are supported by other researchers, 41, 42 but as yet these suggestions have not been presented in the context of existing knowledge of political agenda setting or policy. 51 Of particular relevance to this issue is the growing body of research on policy networks. This approach views policymaking and policy implementation as taking place within, and being influenced by, networks. These networks consist of individuals, coalitions, and organizations. 52 From this perspective, policymaking is viewed as cooperation or noncooperation between interdependent groups with different interests, ideologies, and strategies. 52 Understanding the processes through which different actors shape and reshape political agendas and policy decisions can help to reveal barriers to government action on sustainable nutrition. Based on this understanding, more specific recommendations to promote government action can be made, not only about which actions are needed by nongovernment organizations but also about how these actions could be brought about.
Governments have several "policy instruments", or tools, at their disposal for encouraging changes in sustainable food consumption. Policy instruments refer to the techniques the government has at its disposal to either ensure support or prevent change in a particular area. Broadly, these include the following: regulations, in which formal rules and directives are used; economic incentives or disincentives, in which individuals are not obliged to perform an action, but the actions are made easier or more difficult by the addition or deprivation of material resources; and information-oriented tools, in which governments seek to persuade citizens through claims and reasoning. 53 These instruments can be viewed as existing on a continuum of authoritative force (ie, from legislation being the most forceful and persuasion being the least). The reviewed literature makes general references to these options for action by government; 15, 35 however, there is a lack of discussion or specificity about which of these tools might work best in the context of sustainable nutrition or which might be politically viable. The challenge for future research is therefore to explore how to promote cooperation between health and environmental organizations to enable policy change.
Several authors recommended that encouraging the adoption of healthy diets could improve both population health and reduce carbon emissions. 15, 16 This idea has the intuitive appeal of linking health and environmental groups to advocate for policy change. 52 However, the literature on obesity prevention suggests that population messages around healthy eating are ineffectual. 55 One theorist has recommended using social movements to motivate behavioral change to reduce the population levels of obesity. 55 For example, causes that have a strong emotional pull and that share goals with obesity prevention, such as social justice, animal rights, or environmental sustainability, could be supported, rather than attempting to use messages that focus on rational arguments about health benefits, given that this approach has yielded little long-term population change. 55 The challenge for framing dietary change around a more emotive topic is gaining the consensus that is required to form a policy "coalition". Health may prove politically to be a more acceptable message than the environment or animal rights. Pairotti et al, 19 for example, recommend championing the Mediterranean diet as a compromise rather than a vegetarian or vegan diet because of the cultural value of meat in Italian society. However, although a health message may be easier to sell politically, it may result in policies and programs that do not shift dietary behavior.
Research has emerged that suggests that the public may be more receptive than expected to messages about the need for policy changes in relation to meat reduction. Dagevos and Voordouw 56 conducted an online survey in 2009 (n=800) and 2011 (n=1,253), with participants being representative of Dutch population norms with respect to sex, age, and education level. The survey questions focused on frequency of eating meat, attitudes toward meat, and motives for consuming more or less meat. In 2009, 26.7% of the sample ate meat every day, and this figure dropped to 18.4% in 2011.
The most common response in both study periods was eating meat five or six times per week, followed by three or four times per week. The authors also conducted a cluster analysis according to meat-eating frequency, and they found that in meat eaters, subgroups occasionally emerged with respect to sex, education level, age, and motivations. For example, women with higher levels of education were more likely to be motivated by ethics and health and made conscious decisions to reduce their meat intake. Other identified subgroups were not actively conscious of reducing meat intake but were motivated by social norms or price. The authors concluded that this heterogeneity in meat consumption and attitudes is in contrast to popular conceptions that meat consumption patterns are not malleable. 56 In this way, this study found potential opportunities for targeted communication strategies aimed at reducing meat consumption, without the need for endorsing vegetarian diets. The authors concluded that raising awareness of the need to reduce meat consumption would have a receptive audience and is a necessary starting point for increasing public acceptance of more effective strategies, such as market-based and regulatory policies. Similarly, a study of Finnish university students found that the feasibility of adopting a vegetarian diet was high; however, the importance of this behavior was ranked low. 54 Although it cannot be assumed that such findings would translate to other cultural groups, there are, nonetheless, important implications for research and policy.
One implication of this heterogeneity in meat eating and motivation to change is that people who have a healthy diet already (educated females, for instance) are more likely to respond to messages around reducing meat consumption. Thus, a population reduction in meat consumption may not realize population gains in health. There is also a risk that such messages will lead adolescents to adopt eating disorder behaviors, which has occurred in obesity prevention programs. 13 Thus, although dietary modeling behaviors have shown that population gains in health and sustainability can be achieved with reductions in meat, 57 it is more likely that different groups will take up the messages in different ways, and it cannot be assumed that policies and programs aimed at reducing meat and dairy consumption will have positive effects for population health. Again, this suggests that there will be challenges in finding a consensus on how to frame this issue for broader public and political support.
Reducing meat and dairy consumption as a means to reduce GHG emissions must also be considered in the context of economic affordability and overall patterns of consumption. Populations in developed counties are more likely to be able to afford alternative protein sources than those in developing counties, where a low-meat diet presents nutritional challenges and there is already undernourishment and malnourishment. For 70% of the world's "extremely poor", rearing animals is an important part of their lives, and animal sources of food can make a considerable difference to the quality of their diet. 58 Both in developing countries and in developed countries, research has found that the cost of healthy foods is more expensive.
An Australian study compared the cost of a "healthy and environmentally sustainable food basket" and a typical basket of food for a family of two adults and two children. 59 Results were compared across five neighborhoods and it was discovered that the greatest percentage difference between the two types of food baskets was in the most economically disadvantaged neighborhood. Those in the lowest income quintile across the five neighborhoods would have to spend between 40% and 48% of their income to buy the healthy basket. Similarly, a study conducted in South Africa found that healthier diets are more expensive and unaffordable for the majority of the population. 60 Its analysis was based on substituting healthier options of the same types of food (eg, a lean hamburger compared to a hamburger high in fat).
Of the diet-modeling studies reviewed in this paper, Pairotti et al 19 found that the healthy option was the most expensive; the Mediterranean diet was similar to the average and the vegetarian diet was cheaper than the average. In the Macdiarmid et al 16 study, the cost of the healthy diet was comparable to current food expenditure. Implementing this style of change would require a knowledgeable and motivated population, a population that Temple and Steyn doubt exists. 60 In their analysis, even when different foods were substituted that were lower in cost (eg, lentils rather than hamburgers), these lower cost healthier options were still too expensive for the majority of the population. They concluded that community education strategies will be ineffective unless there are taxation and subsidy interventions to change food prices. The challenge then is to find policy options and community support for such options that potentially yield health and environmental gains without increasing food costs and ideally, improving access to healthy food.
Conclusion
Diet-modeling research has provided several options for reducing GHG emissions. Some researchers advocate a health approach, some advocate combining a health and environmental approach, and others focus on reducing meat consumption, while acknowledging that this will provide health benefits. There is considerable heterogeneity in dietary behavior and in motivations to change; 61 thus, it cannot be assumed at this stage that focusing on a health or environmental campaign alone will effect change across both domains. Further research on community attitudes toward dietary change, health, and environment is required.
Several studies have suggested options for policies and programs by which governments can restructure food industry subsidies to reduce GHG emissions. However, the challenge in this research is finding a position of compromise around which to galvanize a coalition of support for policy change among health and environmental organizations. Further research is required on how the issues can be framed to engage the general public, which in turn will create the political pressure for governments and nongovernmental organizations to take action. 62 The approach may need to be specific to each country and/or region. Moreover, it will be important to understand how the evidence can be translated into policy options that suit particular government ideologies and bureaucratic contexts and processes -again, something that will vary around the world. Evidence alone is insufficient for driving policy change, and in the absence of a detailed understanding of political and policy contexts, it will be difficult to make progress toward addressing this most important of issues.
Energy and Emission Control Technologies
Publish your work in this journal
Submit your manuscript here: http://www.dovepress.com/energy-and-emission-control-technologies-journal Energy and Emission Control Technologies is an international, peer-reviewed, open access journal publishing original research, reviews, editorials and commentaries on developing technologies to optimize energy production and control of emissions. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors. 
Energy and Emission Control
